Systemic viral infection is a known precipitant of vasocclusive crisis in sickle patients, but the mechanism underlying this clinical observation is unknown. In the present studies, human umbilical vein endothelial cells were infected with Herpes simplex virus type 1 (HSV) to model systemic viral disease. The already abnormal adherence of sickle erythrocytes to control endothelium is enhanced 1.8±0.4-fold to HSV-infected endothelium (P < 0.001). This component of potentiated adherence is eliminated by maneuvers that block Fc receptors, it is prevented by tunicamycin, and it is not seen using a mutant HSV that is unable to express the Fc receptor glycoprotein. Thus, the incremental adherence seen here occurs due to expression of Fc receptor activity on HSV-infected endothelium and the consequent recognition of abnormal amounts of IgG on sickle erythrocytes. We conclude that systemic viral infection potentially can induce a novel mechanism for enhancement of erythrocyte adherence to endothelium and that this may increase the likelihood of vasocclusion during viral infection.
Introduction
The clinical course of sickle disease is remarkable for its episodic punctuation with microvascular occlusive events leading to painful crises (1, 2) . Although the precise pathophysiology of vasocclusion is still understood only incompletely, several investigations have addressed the possibility that abnormal interactions between sickle erythrocytes (RBC)' and endothelium might underlie clinical vasocclusion (3) (4) (5) (6) (7) (8) (9) . Sickle RBC are abnormally adherent to human vascular endothelial cells (4) (5) (6) (7) (8) (9) , and the degree of adherence correlates with overall clinical vasocclusive severity (5, 6) , although causality is not yet established. Of interest, clinical observation has implicated a number of factors as being precipitants of these vasocclusive crises (1, 2) . In some cases, such associations are easily understood. For example, hypoxia would promote erythrocyte sickling and, therefore, cause microvascular obstruction. In con-trast, the mechanism underlying the association between systemic viral infection and vasocclusive crisis remains obscure. The present studies were undertaken to examine the hypothesis that systemic viral infection might predispose toward vasocclusion by enhancing interactions between sickle RBC and altered endothelium.
Methods
Endothelial cells were obtained from human umbilical veins and grown in primary culture in 24-well culture plates, as previously described (4, 5) . After confluence was attained, some endothelial cells were left intact (controls), while some were inoculated with Herpes simplex virus type 1 (HSV). For most of these studies, we used HSV strain 17 syn+ (10) and a multiplicity of infection of 10 plaque-forming units per cell. After incubation for 18 h at 370C, the cells revealed early cytopathic changes by light microscopy and contained typical intranuclear viral particles by electron microscopy. However, endothelium remained attached to the plastic culture wells as a confluent monolayer and continued to exclude trypan blue. The adherence of normal and sickle RBC to endothelium was determined as previously described (4, 5) ( 12) .
Results
The result ofa typical experiment is depicted in Fig. 1 A, which illustrates the removal of sickle and normal RBC from control and infected endothelium. As reflected in the rates of RBC removal by sequential endothelial washing, the adherence of normal RBC to control and to infected endothelial cells is similar. In contrast, the adherence of sickle RBC is enhanced by infection of the endothelium with HSV ( Fig. 1 A) . Results of this comparison of RBC from six normal and six sickle donors ( Fig. 2) show that the already abnormal adherence of sickle RBC to control endothelium is increased 1.8±0.4-fold to HSV-infected endothelium (P < 0.001).
HSV is known to induce expression on infected cells of a glycoprotein (gE) which is a receptor for the Fc portion of IgG (13, 14) . In the present studies, the absence of Fc receptor actly the magnitude of that patient's baseline RBC adherence to control endothelium.
Since the present studies were done in the prelytic phase of viral infection, our results should not reflect damage to the endothelial cell membrane with consequent exposure of intracellular substances (e.g., vimentin) having Fc receptor activity (18) . To be certain of this, we co-incubated endothelium with tunicamycin (3 Ig/ml) at the time of inoculation with HSV. This specific glycosylation inhibitor is known to inhibit expression of viral glycoproteins on HSV-infected cells, and treatment with glycosylation inhibitors inhibits induction of Fc receptor expression by HSV (19) (20) (21) (22) . In parallel with the failure of Fc receptor activity to appear on infected cells (as shown by rosetting studies using sheep RBC opsonized with IgG), endothelium infected in the presence oftunicamycin lost its ability to potentiate sickle RBC adherence (Fig. 1 C) . However, the residual component of adherence persisting despite tunicamycin was precisely the magnitude of that for sickle adherence to control endothelium, indicating that the basal abnormality of endothelial adherence was preserved.
Three additional control experiments addressed the relevance and/or mechanism of these results. First, the described potentiation of sickle adherence was just as evident if these experiments were performed in citrated plasma, and the result was the same whether or not the plasma had been depleted of IgG (data not shown). Thus, as expected, presence of normal monomeric IgG did not block the phenomenon. Second, normal RBC having D antigen did show potentiated adherence to HSV-infected endothelium ifthey were made Coombs positive by preincubation with an IgG having anti-D activity (data not shown). Finally, we found that sickle RBC failed to show potentiated adherence to endothelium infected with a mutant HSV that was unable to express the viral glycoprotein (gE) having Fc receptor activity (12) . Fc receptor activity is also seen using the mutant strain at a multiplicity of infection that is tenfold higher than that used for the parent strain (data not shown), so results are not simply explained by the fact that this mutant replicates to a slightly lower titer than the parent strain (12) .
Discussion
The present data document that the already abnormal adherence of sickle RBC to vascular endothelium is enhanced almost twofold to endothelium infected with Herpes simplex virus type 1. This specific virus is merely one of many known to infect human endothelium in vitro: Herpes simplex type 1, adenovirus, measles, mumps, parainfluenza, poliovirus, echovirus, and cytomegalovirus (23, 24) . In addition, a number of viruses have been shown thus far to induce Fc receptors on the membranes of infected cells: Herpes simplex types 1 and 2, cytomegalovirus, Varicella zoster, and influenza (13, 14, (25) (26) (27) (30) . Thus, it is reasonable to assume that these studies of umbilical vein endothelial cells are relevant to endothelium of various organs. Consequently, these results may help explain the well-established clinical association between systemic viral infection and vasocclusive crisis in patients with sickle disease.
